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ABSTRACT 

A theory has been de r ived  from s tudy  of va r ious  
f l i g h t  d a t a  which q u a l i t a t i v e l y  desc r ibes  t h e  S- I1  POGO 
phenomenon of SA-504, SA-507 and SA-508. I t  i s  s t a t e d  as 
follows. The c a v i t a t i o n  caused by pump v i b r a t i o n  i s  non- 
l i n e a r ;  it adds compliance t o  t h e  LOX l i n e ;  and it i n c r e a s e s  
t h e  phase l a g  around t h e  loop. I n  an u n s t a b l e  system which 
i s  d iverg ing ,  t h i s  increased  phase l a g  across t h e  l i n e  must 
be compensated by decreased phase l a g  ac ross  t h e  s t r u c t u r e  t o  
maintain zero  loop phase. 
f e a t u r e  o f  S- I1  POGO i n  which w e  g e t  decreas ing  frequency 
w i t h  i n c r e a s i n g  amplitude of o s c i l l a t i o n  a t  t h e  o n s e t  of t he  
i n s t a b i l i t y  . 

This  exp la ins  the mysterious 

T h i s  cavitation non-linearity can lead to a 
s t eady  amplitude of o s c i l l a t i o n  which t r a c k s  t h e  s t r u c t u r a l  
modes. 
dur ing  t h e  e a r l y  po r t ions  of s t a g e  ope ra t ion  (SA-507). 

non- l inea r i ty  can l e a d  t o  double-valued response curves and 
produce an amplitude jump phenomenon, t h a t  i s ,  a sudden 
i n c r e a s e  of pump "gain.  'I T h i s  accelerates t h e  decreasing-  
frequency, increasing-ampli tude t r a n s i e n t  and r e s u l t s  i n  a 
large amplitude of s t e a d y - s t a t e  o s c i l l a t i o n  (SA-504). 

They are slowly varying i n  amplitude and frequency 

A t  c e r t a i n  l e v e l s  of  o s c i l l a t i o n ,  t h e  c a v i t a t i o n  

The SA-508 even t s  have t h e  same f e a t u r e s  as SA-507 
and SA-504 u n t i l  a new (and s t i l l  unexplained) amplitude- 
t r i g g e r e d  i n c r e a s e  of "gain" caused the v i o l e n t  divergence 
of  o s c i l l a t i o n  amplitude. This "gain" i n c r e a s e  might be 
due t o  "hard" c a v i t a t i o n  w i t h i n  t h e  v i b r a t i n g  pump or  it 
might be due t o  t h e  non-l inear  s t i f f n e s s  of t h e  c e n t e r  
engine beam when t h e  amplitude of  o s c i l l a t i o n  imposes loads  
nea r  t h e  y i e l d  and/or u l t i m a t e  s t r e n g t h  o f  the beam. 
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INTRODUCTION 

Study of t h e  S - I1  contour  spectrograms i n d i c a t e s  
t h a t  t h e  SA-508 POGO had the  same mysterious behavior  as 
SA-504: t h e r e  i s  a r a p i d  decrease  of  frequency a t  t h e  s a m e  
t i m e  as t h e  r a p i d  i n c r e a s e  of o s c i l l a t i o n  amplitude.  The 
o r i g i n a l  SA-504 i n t e n s i t y  spectrograms i n d i c a t e d  t h a t  t h i s  
might have been due t o  the i n t e r s e c t i o n  of t w o  s t r u c t u r a l  
modes. W e  made several at tempts  t o  gene ra t e  such a s t r u c t u r a l  
model b u t  t h e  modes would always r e p e l  each o t h e r  r a t h e r  than  
" i n t e r s e c t . "  W e  d i d  f i n d  t h a t  a d d i t i o n a l  phase s h i f t  i n  t h e  
engine  t r a n s f e r  func t ion  would cause t h e  frequency of minimum 
s t a b i l i t y  ( t h e  zero phase gain c r o s s i n g )  t o  f a l l  below t h a t  
of  t h e  s t r u c t u r e s  resonance frequency. While t h i s  would 
reproduce t h e  frequency r e v e r s a l  observed i n  f l i g h t ,  w e  could 
f i n d  very l i t t l e  j u s t i f i c a t i o n  a t  t h a t  t i m e  f o r  such an 
a r b i t r a r y  manipulation of engine phase s h i f t .  

A new i n s i g h t  w a s  gained f o r  SA-504 from t h e  contour  
spectrograms, as s e e n  on Attachment I taken from Reference 1. 
There seems t o  be  a s i n g l e  s t r u c t u r a l  mode pass ing  through 
the p o i n t s  of 220 sec, 11 Hz; 470 sec, 16.5 Hz; 540 sec, 1 9  Hz'; 
The POGO s i g n a l  s tarts on t h i s  mode a t  510 seconds,  f a l l s  
below it as t h e  amplitude r a p i d l y  i n c r e a s e s ,  and then s lowly 
r e t u r n s  t o  t h e  modal frequency as t h e  amplitude gradual ly  
decreases .  This c h a r a c t e r i s t i c  w a s  descr ibed  as mysterious 
and unexplained i n  Reference 1. 

Thanks t o  t h e  s t i m u l a t i n g  p r e s e n t a t i o n s  and p r i v a t e  
conversa t ions  a t  t h e  MSFC POGO Working Group Meeting on 
A p r i l  23, 1970 ,  R.  V. Sperry,  A. T. Ackerman and t h e  au tho r  
p ieced  toge the r  a theory which w e  t h i n k  desc r ibes  t h e  SA-504, 
SA-507 and SA-508 experiences.  I t  f u r t h e r  desc r ibes  t h e  
l i m i t i n g  mechanism t h a t  D r .  Mueller w a s  looking f o r  a y e a r  
ago. But f i r s t  l e t  us make a few observa t ions  t h a t  w i l l  be  
u s e f u l  dur ing  t h e  d e s c r i p t i o n  of  t h e  theory.  

FIRST OBSERVATION 

The f i r s t  observa t ion  i s  t h a t  a closed-loop system 
which i s  o s c i l l a t i n g  a t  a s t e a d y - s t a t e  amplitude w i i i  n o t  
( n e c e s s a r i l y )  o s c i l l a t e  a t  a frequency of maximum (open-loop) 
ga in  b u t  w i l l  o s c i l l a t e  a t  t he  frequency which g ives  zero 
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(or multiples of 360 degrees) phase shift around the loop. 
That is, the signal must reproduce itself exactly at any 
point in the loop. Once such a frequency is established, 
the amplitude of the oscillation is determined by the non- 
linear element which is necessary to have a steady-state 
oscillation amplitude. The amplitude is such that it will 
produce the phase shift in the non-linear device which is 
necessary for zero loop phase. 

This first observation is very important and is not 
often considered in the usual stability analyses, which gener- 
ally are more concerned about the amplitude of the loop gain. 
Therefore, let us go through it again. If a system is slight- 
ly stable and the gain is increased, it can cause the system 
to become unstable. But once the system is unstable, the gain 
is unimportant. In a sense there is infinite gain available 
since the signal can more than reproduce itself. Therefore, 
the gain merely determines the rate of divergence. But the 
signal must reproduce itself with exact timing, that is, phase. 
If it does not, there is a frequency-pulling effect, accompanied 
by an amplitude change, and indeed this is what happens during 
a transient build-up period. The steady state condition is 
then accomplished when the phase requirements are satisfied with 
whatever amplitude is necessary. 

Since the signal must reproduce itself, the non- 
linear system with a steady-state amplitude of oscillation 
has, in some sense, unity gain. Both the phase and the gain 
conditions can be examined by use of the Nyquist plot. Of 
course, a Nyquist plot strictly applies only to a linear system, 
but let us visualize it as describing the behavior of the 
fundamental component of the non-linear oscillation waveform. 

If the locus on the Nyquist plot encloses the (1,O) 
point, the system is unstable and a diverging signal will 
start. The non-linear element will cause a phase shift of this 
diverging signal and this will tend to rotate the locus on the 
Nyquist plot. If this moves the locus further away from the 
(1,O) point,the signal will further diverge; there will be more 
phase shift, followed by more rotation of the locus. If there 
is to be a steady-state amplitude of oscillation, the locus 
will eventually move back toward the (1,O) point. When it 
passes through that point, we have an amplitude of oscillation 
which gives zero loop phase and unity gain. 

If this is to be a "stable" operating point, the sys- 
tem must return to it after a transient perturbation, That is, 
a sudden decrease of oscillation amplitude (from any cause 
whatsoever) will cause the locus to move to the right of the 
( 1 , o )  point. This will cause the system to diverge from that 
point, increase the amplitude of oscillation, drive the locus 
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back t o  the (1,O) p o i n t ,  and thereby re-establish the unper tur -  
ba ted  amplitude of o s c i l l a t i o n .  S i m i l a r l y ,  a sudden i n c r e a s e  
of o s c i l l a t i o n  amplitude w i l l  move t h e  locus  t o  t h e  l e f t  of  
t h e  ( 1 , O )  p o i n t , t e n d  t o  s t a b i l i z e  the system, and cause a 
decay of  o s c i l l a t i o n  amplitude back t o  the  unper turba ted  va lue ,  
r e t u r n i n g  t h e  locus  t o  the ( 1 , O )  p o i n t .  

SECOND OBSERVATION 

The second observa t ion  d e a l s  wi th  a c h a r a c t e r i s t i c  
of t h e  S- I1  s t r u c t u r e  a s  gleaned f r o m  the s t r u c t u r e s  models. 
There are s e v e r a l  LOX tank modes a l l  of which i n c r e a s e  i n  
frequency as the p r o p e l l a n t s  a r e  consumed. A s  these modes 
pass  through the  1 6  Hz reg ion ,  they couple  w i t h  the  c e n t e r  
engine  t r u s s  and p r e s e n t  high ga ins  t o  the c e n t e r  engine 
gimbal po in t .  T h a t  i s ,  there i s  a sequence of high ga in  
modes i n  t h e  1 6  Hz reg ion  as t h e  s e v e r a l  LOX tank  modes pass  
this band. This f e a t u r e  has been used t o  exp la in  t h e  SA-507 
POGO "footballs" which are a series of  d ive rg ing  and converging 
o s c i l l a t i o n s .  T h e  l i m i t e d  amplitudes of t h e s e  " f o o t b a l l s "  
l e d  t o  t h e  b e l i e f  t h a t  they were t h e  noise-exc i ted  response of 
a stable system o r  the t r a n s i e n t  response of an u n s t a b l e  b u t  
time-varying system. Nei ther  expianat ioi i  is Z C C ~ S S ~ ~ ,  in 
l i g h t  of t h i s  new theory.  

T H I R D  OBSERVATION 

The t h i r d  observa t ion  deals w i t h  the LOX s u c t i o n  
l i n e  and t h e  pump. Even under s t e a d y - s t a t e  cond i t ions  ( t h a t  
is ,  wi thout  any o s c i l l a t i o n s )  there i s  c a v i t a t i o n  a t  t h e  i n l e t  
of the pump. 
f r o m  w e l l  above 1 0 0  Hz t o  t h e  21-24 Hz reg ion .  

T h i s  c a v i t a t i o n  reduces the resonance of  t h e  l i n e  

F u r t h e r ,  a l l  measurements of pump-engine ga in  have 
made by cons ider ing  t h e  s lopes  of s t e a d y - s t a t e  c h a r a c t e r i s t i c s  
o r  by p u l s i n g  the LOX flow w i t h  an overboard b leed .  The cavi -  
t a t i o n  du r ing  i n f l i g h t  POGO, however, i s  caused by the  phys ica l  
v i b r a t i o n  of t h e  pump i n t e r a c t i n g  w i t h  t h e  column of LOX i n  
the l i n e  supported by the pump. T h e  p h y s i c a l  motion of t h e  
pump b lades  i n  t h e  LOX and the changes of t h e  inducer  angle  
of attack due t o  t h e  r e l a t i v e  motion can cause changes i n  the 
c a v i t a t i o n ,  l i n e  tun ing  and pump gain.  These changes have n o t  
been i n v e s t i g a t e d  experimental ly .  

A l s o ,  t h e  unstream turbulence ,  inducer  backflow and 
w a l l  at tachment effects make the i n l e t  p r e s s u r e  t r ansduce r  
measurement of ques t ionab le  va lue  i n  determining pump ga in .  
I n  f a c t  the  whole concept  of a p r e s s u r e  ga in  across the pump 
under tnese ctrndi t lons is meaningless. What i s  r e a l l y  needed 
is t h e  ga in  as t h e  r a t i o  of chamber p r e s s u r e  (o r  pump d i scha rge  
flow) pe r  g of line-pump o s c i l l a t o r y  a c c e l e r a t i o n  over  t h e  
frequency and N P S H  reg ions  of i n t e r e s t .  
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FOURTH OBSERVATION 

T h e  comments under t h e  preceeding observa t ion  
i n d i c a t e  t h a t  t h e  compliance due t o  pump c a v i t a t i o n  i s  an 
ins tan taneous  func t ion  of the pump a c c e l e r a t i o n .  That i s ,  
this compliance i s  the non-l inear  mechanism which causes  t h e  
phase s h i f t  ac ross  t h e  line-pump t o  be a func t ion  o f  s i g n a l  
amplitude.  
of a non-l inear  s p r i n g  i n  a mechanical system. 
t o  a non-l inear  d i f f e r e n t i a l  equat ion ,  the  s o l u t i o n  of w h i c h  
r e q u i r e s  some a p r i o r  i n s i g h t  (Reference 2 ) .  
"sof t"  there i s  a r educ t ion  of t h e  resonant  frequency f o r  
i n c r e a s i n g  s i g n a l  amplitude,  as shown i n  t h i s  sketch:  

As a non-l inear  compliance, one i s  tempted t o  t h i n k  
T h i s  l e a d s  

I f  t h e  s p r i n g  i s  

F = AMPLITUDE OF FORCING FUNCTION 

Fg > F4 > Fg > F2 > F1 

FREQUENCY (HZ) 16 24 

N o t e  f r o m  t h e  sketch tha t  i f  t h e  l i n e  i s  r e sonan t  
( f o r  zero amplitude f o r c i n g  func t ion )  a t  24  Hz and t h e  " s t ruc -  
t u r a l "  o s c i l l a t i o n  i s  near  16  H z  and slowly i n c r e a s i n g  i n  
frequency, t h e r e  is  a s p e c i f i c  f o r c i n g  func t ion  amplitude F4 

which w i l l  cause the ou tpu t  t o  suddenly jump from A1 t o  A2.  

Fu r the r ,  i f  t h e  " sp r ing  cons t an t "  func t ion  is  non- 
odd [-f (-x)#f (x) I t h e  ou tpu t  w i l l  con ta in  a dc  b i a s  (even w i t h  
a s i n u s o i d a l  f o r c i n g  func t ion )  and t h i s  dc amplitude w i l l  
suddenly change when the  fundamental component of t h e  o u t p u t  
changes (Reference 3 )  . T h e  line-pump " sp r ing  constant ' '  func- 
t i o n  i s  non-odd because w e  a r e  o p e r a t i n g  about an o f f s e t  due 
t o  t h e  s teady  s ta te  NPSH.  

I t  i s  i n t e r e s t i n g  t o  no te  t h a t  an inc reased  " sp r ing  
constant ' '  w i t h  increased  NPSH connotes a "hard" sp r ing .  How- 
e v e r ,  the dc bias  ter i i i  ncves the zperat ing pin+, below the 
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non-osc i l l a t ion  NPSH va lue  as t h e  ac amplitude b u i l d  up and 
thereby  d e r i v e s  a " s o f t "  s p r i n g  e f f e c t .  

THE THEORY 

I n  t h i s  d e s c r i p t i o n  of  t h e  theory  w e  w i l l  use  t h e  
c h a r t  Rocketdyne presented  a t  t h e  POGO Working Group Meeting 
(Attachment 11) s i n c e  it i s  so close t o  desc r ib ing  t h e  phenomenon. 
Actua l ly  it w a s  used t o  p r e s e n t  t h e  f l i g h t  events .  

I n i t i a l  Conditions 

Consider t h e  system j u s t  be fo re  it goes uns t ab le .  
There  might be a 1 6  Hz s i g n a l  v i s i b l e  i n  t h e  measurements due t o  
t h e  n o i s e  e x c i t a t i o n  of t h e  s t a b l e  system which acts as a 
f i l t e r .  L e t  t h i s  cond i t ion  be des igna ted  as p o i n t  1 on Attach- 
ment 11. ( I n  the s t r u c t u r e  block,  p o i n t  1 i s  shown t o  t h e  
r i g h t  of  t h e  s t r u c t u r a l  resonance; t h i s  i s  n o t  important  t o  
t h e  theory  as p o i n t  1 could be nea r  t h e  s t r u c t u r a l  resonance 
o r  even a l i t t l e  t o  t h e  l e f t  of it.) The l o c a t i o n  of p o i n t  1 
on t h e  open-loop ga in  locus  of t h e  Nyquist p l o t  i s  probably 
nea r  t h e  (1,O) p o i n t  a s  t h i s  would be t h e  least  damped f i l t e r  
response uLr iiie s t a b l e  system. 

Onset of I n s t a b i l i t v  

Consider now i n c r e a s e s  i n  s t r u c t u r e s  ga in  as men- 
t i o n e d  under t h e  second observa t ion .  When t h e  in-phase loop 
g a i n  reaches u n i t y ,  t h e  system becomes uns tab le .  The i n i t i a l  
frequency of o s c i l l a t i o n  i s  a t  p o i n t  1 i f  t h e  loop phase i s  
e x a c t l y  zero; t h a t  i s ,  i f  t he  phase l a g  through t h e  s t r u c t u r e  
matches t h a t  of  t h e  l i n e  such t h a t  t h e  loop phase i s  a m u l t i p l e  
of 360 degrees .  However, the i n s t a b i l i t y  w i l l  cause t h e  
o s c i l l a t i o n  amplitude t o  inc rease .  This w i l l  i n c r e a s e  t h e  
l i n e  e x c i t a t i o n  (pump v i b r a t i o n ) .  Now w e  must cons ider  t h e  
non- l inear  e f f e c t s  of i n l e t  c a v i t a t i o n  due t o  pump v i b r a t i o n .  
This  non- l inea r i ty  causes t h e  e f f e c t i v e  c a v i t a t i o n  t o  i n c r e a s e  
w i t h  o s c i l l a t i o n  amplitude.  This i nc reased  c a v i t a t i o n  ( i n c i -  
d e n t a l l y )  decreases t h e  l i n e  resonance b u t  more impor tan t ly  
i n c r e a s e s  t h e  phase l a g  ac ross  t h e  l i n e .  To ba lance  t h i s  
i nc reased  l a g ,  t h e  frequency of o s c i l l a t i o n  must s h i f t  t o  
d e r i v e  less l a g  through t h e  s t r u c t u r e  and t h i s  f o r c e s  t h e  
o s c i l l a t i o n  t o  a l o w e r  frequency. Eureka! W e  now have t h e  
mechanism which causes a decrease of frequency a t  t h e  s a m e  
t i m e  as t h e  amplitude i s  inc reas ing !  

O s c i l l a t i o n  Amplitude 

Of course  t h e r e  i s  an i n t e r a c t i o n  of t h e  amplitude 
and phase between the s t r u c t u r e  and t h e  l i n e ,  b u t  t h e  end 
cond i t ion  f o r  a s t eady  amplitude o f  o s c i l l a t i o n  is shown as 



r, L 

1 BELLCOMM. INC. - 6 -  

p o i n t  2 on Attachment 11. 
t i o n  i s  such t h a t  t h e  decreased phase l a g  of t h e  s t r u c t u r e  
matches t h e  inc reased  phase l a g  o f  t h e  l i n e  t o  preserve  ze ro  
loop phase. The amplitude of the o s c i l l a t i o n  i s  such t h a t  t h e  
phase l a g  der ived  from t h e  l i n e  (due t o  t h e  amplitude r e l a t e d  
non- l inea r i ty )  j u s t  matches t h a t  de r ived  from t h e  ( l i n e a r )  s t r u c -  
t u r e  a t  the frequency of o s c i l l a t i o n .  

H e r e  the frequency of t h e  o s c i l l a -  

I n c i d e n t a l l y ,  Attachment I1 shGi/s t h a t  p o i n t  2 has 
a h i g h e r  ga in  i n  t h e  LOX l i n e  block due t o  lower resonant  
frequency. This  i s  unimportant t o  t h i s  theory .  The impor tan t  
p o i n t  i s  t h a t  t h e  l i n e  i s  detuned enough t o  c o n t r i b u t e  t h e  
phase l a g  s u b t r a c t e d  from t h e  s t r u c t u r e  block by going t o  a 
lower frequency of  o s c i l l a t i o n .  

S t a b i l i t y  of O s c i l l a t i o n  

L e t  us examine i f  p o i n t  2 r e p r e s e n t s  a stable 
o p e r a t i n g  p o i n t .  I f  t h e  o s c i l l a t i o n  frequency drops below 
t h a t  of  p o i n t  2 ,  t h e  reduced s t r u c t u r e s  ga in  would reduce t h e  
l i n e  e x c i t a t i o n  which would g ive  less phase l a g  across t h e  
l i n e  which would c a l l  f o r  more phase l a g  across t h e  s t r u c -  

I f  t h e  frequency of  o s c i l l a t i o n  rises above t h a t  of p o i n t  2 ,  
t h e  inc reased  s t r u c t u r e s  gain would i n c r e a s e  l i n e  e x c i t a t i o n ,  
i n c r e a s e  l i n e  phase l a g ,  c a l l  f o r  reduced s t r u c t u r e s  phase 
l a g ,  and cause a reduct ion  of frequency back t o  p o i n t  2 .  
Therefore ,  p o i n t  2 r ep resen t s  a s t a b l e  ope ra t ing  p o i n t  because 
frequency s h i f t s  above or  below this p o i n t  r e t u r n s  t h e  osc i l la -  
t i o n  t o  t h i s  p o i n t .  

L..u- w - 1 , :  -1, .*-..-I a J ..I_,._”_ 
LULt: W I l L L l l  W W U L U  LIIcI&c;uaG t h e  frequency bzek to p2i.t 2. 

The amplitude,  frequency and t i m e  c h a r a c t e r i s t i c s  
of  t h e  o s c i l l a t i o n  bui ldup do depend on t h e  i n i t i a l  s t a r t i n g  
p o i n t  1. I f  p o i n t  1 is t o  t h e  r i g h t  o f  t h e  s t r u c t u r a l  resonance,  
t h e  i n i t i a l  decrease  of frequency w i l l  be accompanied by 
inc reased  s t r u c t u r a l  gain.  This w i l l  accelerate t h e  process  
and may l e a d  t o  p o i n t s  of i n f l e c t i o n  on t h e  t i m e  h i s t o r i e s  of  
amplitude and frequency. 

Changes of S t r u c t u r e s  Gain 

W e  have t racked  an i n c r e a s e  i n  s t r u c t u r e s  ga in  from 
s t a b i l i t y  t o  i n s t a b i l i t y .  L e t  us now cons ider  a f u r t h e r  
i n c r e a s e  i n  s t r u c t u r e s  gain.  This would be represented  by a 
h ighe r  magnitude curve i n  t h e  s t r u c t u r e  block of Attachment I1 
wi thou t  a ( s i g n i f i c a n t )  change i n  t h e  phase curve.  This  
i nc reased  s t r u c t u r e s  gain w i l l  i n c r e a s e  t h e  l i n e  e x c i t a t i o n ,  
cause more phase l a g  ac ross  t h e  l i n e ,  c a l l  f o r  less phase l a g  
across t h e  s t r u c t u r e ,  r e q u i r e  a lower frequency of o s c i l l a t i o n  
which produce somewhat less s t r u c t u r e s  ga in  on t h e  new ga in  
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characterist ic.  T h i s  p rocess  w i l l  converge on a new s table  
p o i n t  which i s  lower i n  frequency b u t  has h ighe r  o s c i l l a t i o n  
amplitude t h a n  t h e  s t a r t i n g  p o i n t  (be fo re  t h e  inc reased  s t r u c -  
t u r e s  g a i n ) .  The s i g n i f i c a n c e  of  t h i s  is  t h a t  t h e  o s c i l l a t i o n  
of t h e  u n s t a b l e  system w i l l  (approximately) t r a c k  the s t r u c -  
t u r e s  g a i n  characterist ic.  

Amplitude Jump Phenomenon 

Thus f a r  w e  have only used t h e  non-l inear  compli- 
ance c h a r a c t e r i s t i c  which i n d i c a t e s  t h a t  t h e  phase s h i f t  
i s  a func t ion  of t h e  f o r c i n g  func t ion  amplitude.  As men- 
t i oned  under t h e  Fourth Observation and shown i n  t h e  ske tch  
of  t h a t  s e c t i o n ,  t h e  l a r g e r  amplitudes of  f o r c i n g  func t ion  
have double-valued "frequency response" curves.  For s p e c i f i c  
combinations of  f o r c i n g  func t ion  .amplitude and frequency 
( p o i n t s  of  ver t ica l  s l o p e  on t h e  ske tch )  bo th  t h e  ac and 
dc  o u t p u t s  can suddenly inc rease  w i t h  a s m a l l  i n c r e a s e  of f o r c i n g  
func t ion .  

Such a jump phenomenon in t roduces  a g r e a t  deal of 
phase s h i f t ;  the o p e r a t i n g  p o i n t  moves f r o m  t h e  l o w  frequency 
s i d e  of "reswndnce" to  t h e  high frequency sidc. ~ccrs rd inr ;  t o  
t h e  p rev ious ly  stated p a r t  of this theory ,  t h i s  i nc reased  
phase l a g  aga in  causes  a reduct ion  i n  t h e  o s c i l l a t i o n  f r e -  
quency w h i l e  t h e  system i s  d iverg ing  ( f r o m  t h e  l o w e r  amplitude 
of o s c i l l a t i o n  t o  a h igher  ampl i tude) .  But t h e  frequency reduc- 
t i o n  and amplitude bui ldup now have a scale and t i m e  rate 
which i s  r e l a t e d  t o  t h e  jump phenomenon. 

The f a c t  t h a t  t h e  amplitude jump i n c r e a s e s  t h e  
"gain" of t h e  line-pump combination means t h a t  t h e  reduced 
frequency, h igher  amplitude o s c i l l a t i o n  can occur even w i t h  
t h e  lower ga in  con t r ibu ted  by t h e  s t r u c t u r e .  T h i s  o sc i l l a -  
t i o n  frequency i s  w e l l  down on t h e  (lower frequency) s i d e  of 
the s t r u c t u r e s  resonance. 

L e t  us examine how t h i s  jump phenomenon would be 
mani fes t .  I n  t he  presence of a low amplitude o s c i l l a t i o n  
which had been t r a c k i n g  the monotonically i n c r e a s i n g  frequency 
of a s t r u c t u r e s  mode, w e  would approach t h e  v e r t i c a l  s l o p e  
p o i n t  of  t h e  ske tch  from t h e  l e f t .  Once w e  jump t o  the  upper 
branch, the system responds w i t h  a lower frequency of osci l la-  
t i o n .  T h i s  w i l l  move t h e  ope ra t ing  p o i n t  t o  t h e  l e f t  and 
could approach the o t h e r  ver t ica l  s l o p e  p o i n t .  If t h i s  happen- 
ed,  there would be a sudden reduct ion  (nega t ive  jump) i n  the  
ou tpu t ,  which would decrease  the  phase s h i f t ,  i n c r e a s e  t h e  
o s c i l l a t i o n  frequency and again approach the  f irst  v e r t i c a l  
slope point  from t h e  l e f t .  Conceivably t h e  system could hang 
up i n  t h i s  loop u n t i l  some system parameter (e .g .  a s t r u c t u r e s  
mode) changed enough t o  break o u t  of t h i s  loop. 
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If the frequency reduction, caused by the initial 
amplitude jump, does not reach the second vertical slope point, 
the operating point stays on the upper response curve. Further 
increases in the structures resonant frequency will move the 
point to the right. If the gain of this structures resonance 
reduces, the forcing function will have reduced amplitude and 
the operating point will drift downward to one of the curves 
with less non-linearity. In returning to stability the oscilla- 
tion may or may not have a negative jump depending on the exact 
relation of the frequency-gain characteristic of the structures 
mode. 

Restatement of the Theory 

The foregoing description of the theory can be restated 
in terms of the Nyquist plot, introduced under the First Obser- 
vation. Consider a Nyquist plot in which a specific structures 
mode is a defined lobe which falls just to the left of the ( 1 , O )  
point. 

close the (1,O) point, the system becomes unstable. The diverg- 
ing oscillation amplitude will increase the phase lag across the 
line-pump and this will rotate the Nyquist plot clockwise. This 
would tend to rotate the structures loop past the (1,O) point 
and return the system to stability (because the locus would no 
longer enclose the point). 
lation which rotated the locus. Therefore, the rotation stops 
when the locus passes through the (1,O) point. This zero--phase 
and unity-gain condition sets the amplitude of oscillation. 
Therefore the Nyquist locus must be interpreted not as a ratio 
of output to input, but as the (fundamental component of) output 
for a specific input amplitude, 

intersection of the structures lobe and the positive, real axis 
to occur at lower frequencies. Again we have it--a decrease of 
frequency during the amplitude divergence! 

locus passes through the (1,O) point, and this is seen to be a 
stable operating point as follows. 
suddenly increases, this will cause additional phase lag across 
the line-pump and further rotate the locus clockwise. But this 
will uncover the (1,O) point which will have a stabilizing ef- 
fect on the system, causing it to decay from this increased am- 
plitude of oscillation. The decaying amplitude of oscillation 
will reduce the phase lag and undo some of the clockwise rota- 
tion of the locus. This process stops when the locus reaches 

If the loop gain and/or phase change slightly to en-- 

But it is the presence of the oscil- 

This clockwise rotation of the locus will cause the 

The amplitude of the oscillation is fixed when the 

If the oscillation amplitude 
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the (1,O) point and thus the pre-disturbance oscillation ampli- 
tude is re-established. A similar argument holds if the oscil- 
lation amplitude suddenly decreases. 

A time-dependent increase in structures gain would 
increase the size of the structures lobe and move the locus to 
the right of the (1,O) point. This de-stabilizing effect would 
increase the oscillation amplitude, increase line-pump phase 
lag and increase clockwise rotation of the locus. The new oper- 
ating point (when the locus again passes through the (1,O) point) 
will occur at a somewhat lower frequency but with an increased 
oscillation amplitude. Thus we (approximately) track the 
structures gain characteristics. 

The amplitude jump phenomenon follows the process of 
the previous paragraph but it is more rapid. One could almost 
visualize the replacement of the pre-jump locus with a grossly 
different post-jump locus which accounts for increased size 
(gain) and phase lag. Both loci pass through the (1,O) 
but the post-jump locus leads to an oscillation of much 
amplitude and lower frequency. 

rnL ----- L - - - l  --L.--- L- Lv stti=i:ity ---.-I a t---- a------: -_ i i i C  t z v e i i L u a A  L C L U L ~ I  WUUAU i i a v c  u c b ~ c a a ~ . i i y  

locus size with (relatively) less phase lag. Whether this re- 
turn has a negative jump still depends on the detailed charac- 
teristics of the "frequency response" curves sketched in the 
Fourth Observation section. 

THE SA-507 EXPERIENCE 

The "footballs" of SA-507 are shown on Attachment 111, 
also taken from Reference 1. They have the same characteristics 
as the initial part, called zone one, of the SA-508 POGO oscil- 
lations. 

During the earlier periods of flight, there is a 
sequence of modes whose gain characteristic takes on a broad 
maximum as the modal frequency moves across the'16 Hz region. 
These "footballs" have been associated with this feature. of 
the structures. The concept that they were the noise-excited 
filter response of a stable system was unsatisfactory since 
the signals appeared in the chamber pressure. The concept 
that they were the transient response of an unstable but time- 
varying system was less than satisfactory because the time 
variations were so slow that the unstable system should have 
diverged. 

phase shift characteristics of the new theory. If the system 
is only slightly unstable (at a frequency near the resonant 

These nfootballs" can be explained by the nonrlinear 
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peak) then the condition of zero loop phase can force the os- 
cillation to a frequency of reduced loop gain. But reduced 
loop gain would tend to stabilize the system and reduce the os- 
cillation amplitude. Therefore an equilibrium condition is de- 
rived with low amplitude oscillations and with very little non- 
linear effects. Even though small, the theory would predicate 
some decreased phase lag through the structure and a small 
decrease of oscillation frequency below the modal frequency. 

This last point of a decreased frequency may be 
visible in a certain feature of Attachment 111. The first three 
footballs which end with the system returning to stability (the 
fourth one stops due to center engine shutdown) have contour 
lines at their terminations which have an upward curvature. 
This could be the oscillatory frequency returning to the 
modal frequency, i.e., that the oscillation did not cause a 
frequency reversal but only delayed the frequency increase. 

THE SA-504 EXPERIENCE - 
The mysterious characteristics of SA-504 POGO, Attach- 

ment I, can now be explained by both the non-linear phase shift 
characteristics and the amplitude jump phenomenon of the new 
theory. The SA-504 POGO signals are similar to the second part, 
called zone two, of the SA-508 POGO oscillations. 

POGO occurred near the end of burn on SA-504 when one 
of the (lower) LOX tank modes coalesced with the engine truss 
mode to form a high gain mode. The POGO frequency started on 
the modal frequency but rapidly fell as the amplitude increased. 
The rapidity and magnitude of the amplitude and frequency changes 
suggest that the non-linearity of the cavitation compliance 
placed the operating point at the vertical slope point of the 
"frequency response" curves. There is further evidence of this 
in that the pump inlet pressure tranducer showed a sudden reduc- 
tion in dc bias. After this jump, a stable oscillation point 
seems to have been obtained and the oscillation then tracked the 
structures gain characteristic, that is, there is a slow reduc- 
tion of oscillation amplitude without a negative jump as the os- 
cillation frequency gradually returns to the modal frequency. 
This can be seen on.Attachment IV taken from the April 23 pre- 
sentation of the Space Division of North American Rockwell. 

SA-503 had a POGO history very similar to that of 
SA-504 except that it had a more pronounced period of low am- 
plitude oscillations (zone one) before the rapid amplitude and 
frequency changes (zone two), and it maintained the high ampli- 
tude of oscillation for a longer period of time. Also the re- 
turn to stability (see Attachment IV) appears to be a negative 
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jump. Since the theory relates the POGO characteristics to the 
structures, it should be mentioned that there were many struc- 
tures changes between the heavyweight S-11-3 and the lightweight 
S--11-4. 

It should be noted that a quantitative verification 
of this theory should show that the sudden reduction of fre- 
quency (0.9 Hz and 0.6 Hz on SA-503 and SA-504) can be accommo- 
dated within one structural mode. This will be easier to show 
if the initial point 1 is to the right of the resonant peak. 
Also the Martin-Denver presentation at the April 2 3  POGO Work- 
ing Group Meeting indicated that an initial valve of structural 
damping of 1.5 percent increases to 4.0 percent for the 12 g ' s  
of oscillation experienced on SA-503 and SA-504. This should 
increase the bandwidth and allow a larger frequency shift with- 
in one structural mode. 

The fact that these frequency shifts results in a 
lower gain across the structure must be examined in light of 
the increased gain across the line-pump combination due to the 
amplitude jump. 

It is generally agreed that the zone one periods of 
POGO on SA-508 are similar to those of SA-507 and that the zone 
two phase of the 330 second POGO event was similar to that of 
SA-504, so the only question is why did the zone three period on 
SA-508 diverge so violently. It should be mentioned that the 
theory does not supply an explicit reason for this divergence, 
but it does furnish a frame of reference within which the ex-. 
plicit reason might be found. In fact, it tends to discount 
the generally accepted concePt,which it is related to the engine, 
in preference to a new concept which is related to the structure 
(engine truss). 

While the SA--507 and SA-508 "footballs" were similar 
to each other in earlier flight phases, the SA-508 oscillation 
was some 25% larger than SA-507 at 330 seconds and (because?) 
the ullage pressure was several psi lower. These small differ- 
ences might explain why the SA-508 oscillation progressed into 
a zone two phase while SA-507 did not. The triggering of the 
amplitude jump might be a sensitive function of many variables, 
but once it is triggered, there is no question of its effect. 

As mentioned previously, an increase in structural 
gain, or the gain of any element in the loop, would lead to an 
increased oscillation amplitude and a decreased oscillation fre- 
quency. If this higher oscillation amplitude leads to further 
increases in the gain of the offending component, the effects 
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are cumulative and the conditions are set for a major diver- 
gence (even though the decreasing frequency is reducing the 
gain of the structures mode). 

The Rocketdyne hard cavitation theory that the violent 
divergence of zone three was triggered by an amplitude-sensitive 
gain change in the pump-engine system received general agreement 
at the April 23 meeting. Of course, one derives an increasing 
gain ratio by dividing the increasing chamber pressure measure- 
ment by the saturated signal of inlet pressure. Also steady- 
state pump characteristics would indicate an increased ac gain 
when an increasing inlet pressure oscillation sweeps over the 
knee of the AH vs NPSH curve. But it would be satisfying if we 
could derive a more physical reason which relates the vibrating 
pump and its supported column of LOX. What we need is a defi- 
nite break point between the line-pump gain (in terms of pump 
discharge flow per unit of pump acceleration) for a certain 
value of cavitation and/or pump vibration and the gain for a 
slightly larger value. 

Perhaps the answer lies in the fact that this is a 
two stage pump, namely, an inducer stage and an impeller stage. 
Perhaps at the lower levels of oscillation the vibration- 
induced cavitation is eliminated by the head rise across the 
inducer and the vibrating impeller does not introduce any 
further cavitation. Perhaps at higher levels of oscillation 
the inducer cannot supply adequate head rise, or equivalently 
supplies cavitating (or near cavitating) LOX to the impeller 
stage. If this causes the impeller to participate in the cavi- 
tation generation, we now have a new physical process which 
could significantly increase the output flow perturbations, 
that is, increase the gain. 

An alternate theory to describe the zone three di- 
vergence is suggested by that used to describe the zone two 
event. Perhaps there is another non-linear spring which leads 
to double-valued "frequency response" curves and the second 
possibility of an amplitude jump phenomenon. 

Consider the engine truss. During zone two oscilla- 
tion the truss sees k12 g's which, when added to the dc thrust 
load, approach the yield strength of the beam. Zone three os- 
cillation was accompanied by a frequency reduction of more than 
2 Hz. While normally this would be too large a frequency spread 
to associate with a single structural mode, the beam vibrations 
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of 2 3 4  g's were close to its ultimate limit. Under such condi- 
tions there would be a large increase in damping and consequent 
widening of the frequency response. 

The shape of the stress-strain curve between yield 
and ultimate connotes a "soft" spring which would lead to 
"frequency response" curves bending to the left, as shown in 
the sketch under the Fourth Observation. The non-oscillation 
operating point on the stress-strain curve is biased due to 
the dc thrust load. This makes the "spring constant" function 
non.odd and should lead to a dc bias which is a function of 
the oscillation amplitude. 

It may prove very difficult to use the flight data 
to select between the unknown amplitude-triggered 'gain" in- 
crease in the pump and the more familiar non-linear stiffness 
of a structural beam. This is due in part to the failures of 
the pump inlet pressure transducer at the critical time (if 
indeed the measurement would be meaningful under these condi- 
tions). Perhaps an examination of the dc shifts would help. 
If the zone two divergence is due to a (non-odd) non-linearity 
of the line-pump combination, the reduced dc bias should appear 
- in - - rhamher - - - _. . .-- - - prpssiire and (unfortunately) also in the beam accel- 
eration (or load). If the zone three divergence is due to the 
non-linear stiffness of the beam, the dc bias change should 
appear on the beam but not in the chamber pressure. However, 
it may prove difficult to distinguish in time the bias due to 
zone two from that of zone three, if indeed the transducers 
respond to dc. Another possibility would be to examine the 
waveforms to identify the non-harmonic overtones of the bean 
vibration. 

At this point we can only suggest that there are two 
possibilities to explain the zone three divergence: line-pump 
gain non-linearity and non-linear stiffness of the center en- 
gine truss. 

CONCLUSIONS 

A simple statement of theory is as follows. Cavita- 
tion caused by pump vibration is non-linear, it adds compliance 
to the line and it increases the phase lag around the loop. In 
a diverging system the increased phase lag across the line is 
compensated by decreased phase lag across the structure. Thus 
we get decreasing frequency with increasing amplitude of oscil- 
lation at the onset of an instability. This cavitation non- 
linearity can lead to a steady amplitude of oscillation. At 
certain amplitudes of vibration, the response curve is double- 
valued and can produce an amplitude jump phenomenon. This 
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accelerates the decreasing-frequency, increasing-amplitude 
transient and results in a large amplitude of steady-state os- 
cillation. 

While the details of this theory were pieced together 
by the three of us, we did use the results of many other people 
and benefited from private conversations. Actually the theory 
is not very startling, and a review of the handouts of the POGO 
Working Group Meeting shows its near emergence in several places. 
It does not contradict nor grossly modify any of the previous re- 
sults. What it does is to supply a framework into which all the 
pieces can be placed to form an overall picture. 

It is readily admitted that at this point the theory 
is largely qualitative, and we do plan to pursue a quantitative 
evaluation of it. A more thorough and timely evaluation could 
be obtained if other people used it to examine their findings. 
There are several obvious points to be checked: where on the 
structural mode was the initial oscillation frequency; what 
damping is necessary to keep the observed frequency shifts of 
SA-503, SA-504 and SA-508 associated with one structural mode; 
does the decreased phase lag between the chamber pressure and 
the striict.ura1 acceleration match the increased phase lag be- 
tween the structural acceleration and the pump inlet pressure. 

While the theory was derived to explain the S-I1 
POGO, it might also explain the amplitude-limited features of 
the S-IC POGO of SA-502. Perhaps someone will want to examine 
those data for frequency delays and phase shifts. 

Attachments 



BELLCOMM, INC. 

REFERENCES 

1. A. T. Ackerman, L. A. Ferrara,  J. J. O'Connor, "Contour 
Spectrograms f o r  POGO Analys is , "  Bellcomm Memorandum 
For F i l e  B70 04034, Apr i l  1 0 ,  1970. 

2 .  J. J. Stoker ,  Non l inea r  Vibra t ions  I n  Mechanical And 
Electrical  Systems, Interscience Pub l i she r s ,  Inc . ,  
New York, N .  Y . ,  1950 .  

3 K. K l o t t e r ,  "Steady S t a t e  V ib ra t ions  I n  Systems Having 
A r b i t r a r y  Res tor ing  And A r b i t r a r y  Damping Forces ,"  
Proceedings of The Symposium on Nonlinear C i r c u i t  
A n a l y s i s ,  New York, N.  Y . ,  1953 .  



ATTACHMENT I 

(ZH) A3N31lO3tlJ 

I I 



. 
U 

ATTACHMENT I1 

1 

I =# 



ATTACHMENT I11 

(ZH) A3N3flO3LIJ 



ATTACHMENT I V  

[a- -'-D 

I I II i. 

M 
0 
u\ 



! 

. I A  

BELLCOMM, INC. 

SUBJECT: A Theory of S-I1 POGO 
Case 320 

NASA Headquarters 

T. A. Keegan/MA 
C. H. King, Jr./MAT 
J. I. Kistle/MAT-4 
W. E. Stoney/MA 

MSC - 

D. C. Wade 

MSFC 

DISTRIBUTION 

T. BuiiockjS&E-AST~~-ADL 
L. B. Mulloy/S&E-ASTN-A 
R. S .  Ryan/S&E-AERO-D 
J. B. Sterett, Jr./S&E-ASTN-A 
G. von Pragenau/S&E-ASTR-A 
A. L. Worlund/S&E-ASTN-PF 

NR/’SD 

L. E. Kraft 
H. Weiner 

Rocketdyne 

J. R. Fenwick 
E. W. Larson 

Boeing-Huntsville 

L. D. McTigue 
G. F. Riley 

Boeing-Michoud 

R. Rich 

FROM: J. J. O’Connor 

Boeing-TIE-WDC 

R. Campbell 
E. Hughes 

Martin-Denver 

R. Vaage 

Mar tin-RIAS 

R. L. Goldman 

R. Winje 

Bellcomm, Inc. 

G. M. Anderson 
A. P. Boysen, Jr. 
D. R. Hagner 
H. A. Helm 
J. J. Hibbert 
N. W. Hinners 
W. W. Hough 
B. T. Howard 
D. B. James 
J. 2. Menard 
G. R. Reis 
I. M. Ross 
P. F. Sennewald 
J. W. Timko 
R. L. Wagner 
M. P. Wilson 
Central Files 
Department 1024 File 
Department 20 31 
Library 


